To change an increasing trend of energy consumption, many counties have turned to solar thermal energy as a solution. Without greenhouse gas emissions, solar thermal power stations may play a vital role in the energy industry because they have a potential to produce electricity for 24 h per day. The goal of this study is to select solar thermal power stations from three regions (i.e., the United States, Spain and the other nations) throughout the world and to identify which region most efficiently produces solar thermal power energy. To measure their efficiencies, we use data envelopment analysis as a method to examine the performance of these power stations. Our empirical results show that the United States currently fields the most efficient solar thermal power stations. This study also finds that parabolic trough technology slightly outperforms the other two technologies (i.e., heliostat power tower and linear Fresnel reflector), but not at the level of statistical significance. In addition to the proposed efficiency assessment, we incorporate a new way of finding a possible existence of congestion. The phenomenon of congestion is separated into output-based and input-based occurrences. Output-based congestion implies a capacity limit (e.g., difficulties in transmission, voltage control and dispatch scheduling) in a grid network between generation and end users. Input-based congestion occurs when generators use "uncontrollable inputs" (e.g., sunlight hours). Renewable energy sources, such as solar thermal power, are indeed important for our future sustainability. However, this needs performance assessment on generation and transmission through which electricity generated by renewable energy is conveyed to end users. Such a holistic assessment, including both efficiency measurement and congestion identification, serves as a major component in evaluating and planning renewable energy generation.
Introduction
As the world population grows, so does the demand for electricity. To meet the demand, the power generation industry is constantly expanding, adding new power sources and generation capabilities as soon as new technologies are available. In 2018, the International Energy Agency (IEA) reported that 65.1% of all electricity in the world comes from fossil fuels [1] . However, electricity generation via fossil fuels produce emissions such as greenhouse gases (GHGs) that have an adverse effect on Earth's environment. To combat the growing problem, many countries have adopted caps on harmful gas emissions. This trend has opened the energy market up to other forms of power generation. Solar thermal power generation is one of such promising new prospects.
upon the photovoltaic effect. The effect is characterized by the creation of a voltage and electric current when a material is exposed to sunlight. The phenomenon is used to convert sunlight to direct current (DC) electricity. The DC is then converted to alternating current (AC) electricity and distributed to consumers via a transmission grid network.
According to the IEA [1] , PV systems make up 1.3% of the world's electricity generation, while CSP make up less than 0.1%. While expected to grow, neither system makes up a large part of the energy market, although PV systems have a clear advantage in current market share. There are several factors that make PV seem more lucrative to today's energy investors. Table 1 compares PV and CSR. The cost is the most obvious advantage of PV over CSP. PV systems can be built at drastically lower costs than the CSP systems. According to the National Renewable Energy Laboratory (NREL) in 2017, a utility-scale CSP power station would cost about $8000/kW to build, while a comparable PV station would cost $2000/kW [23] . That makes the average CSP power station four times more expensive to install than a similar type of PV station. PV technology prices need to further decrease over time.
An advantage of PV systems is their reliability. While both PV and CSP require sunlight to function, a CSP station requires direct sunlight. PV solar panels will still function, to a lesser extent, during cloud cover. This makes them more attractive in areas where we see common cloud cover, such as Spain in the winter months. Another advantage that PV has over CSP is the simplicity of individual power generation sites. The PV systems require little more than an open space, solar panels, and a transfer line to a grid network. There are no moving parts required for the photovoltaic effect to generate electricity. Conversely, the CSP systems require mirrors, steam tanks, a turbine generator system, steam condensers, and potentially thermal storage tanks. This makes the construction, as well as operation of CSP sites more complex than that of PV sites. The simplicity of PV also lends itself to use in homes and small businesses, to offset electricity prices. The complexity and required space for CSP makes personal use impossible.
The advantage of CSP over PV is energy storage. The CSP sites can store heated transfer fluid in storage tanks to be used when the sun is not available. This enables sites to access dispatch-able power, while PV sites do not have such capability. We know that not all current CSP sites may utilize the advantage [24] . Current storage capacity is low, generally sitting at about 7.5 h. Although not currently enough to provide power throughout the night, the further development of this storage technology may open the doors for further CSP investment. Of course, we must understand the existence of considerable cost for the storage system. The storage cost makes the three types of CSP plants, to be examined in this study, hardly useable on a small scale.
Overall, it is no surprise that currently PV technology dominates the solar energy market, with its lower cost and technological reliability. However, there is still optimism around CSP, especially for future. With the technology's capability for storing energy, CSP sites may possibly fill the gap that solar power leaves during night hours.
Three Types of CSP Stations
This study examines the three types of solar thermal power stations whose performances are examined by DEA. The three types are specified as follows:
Energies 2019, 12, 2454 5 of 20 (a) Parabolic trough: the sunlight, which enters the mirror parallel, is focused along the focal line, where objects are positioned and are intended to be heated as depicted in Figure 1 . A tube containing a fluid runs in the trough at its focal line. The sunlight is concentrated on the tube and the fluid heated to a high temperature by the sunlight energy. The hot fluid is conveyed to a heat engine, which uses the heat energy to generate electricity. This type of solar energy collector is common and is known as a "parabolic trough".
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(a) Parabolic trough: the sunlight, which enters the mirror parallel, is focused along the focal line, where objects are positioned and are intended to be heated as depicted in Figure 1 . A tube containing a fluid runs in the trough at its focal line. The sunlight is concentrated on the tube and the fluid heated to a high temperature by the sunlight energy. The hot fluid is conveyed to a heat engine, which uses the heat energy to generate electricity. This type of solar energy collector is common and is known as a "parabolic trough". (b) Heliostat power tower: this collector is known as a central receiver that is the center of all concentrating solar collectors. Solar towers use many small sun tracking mirrored solar dish collectors, called "heliostats" which are similar to the ones in the previous parabolic collector tutorials that are used to reflect the sunlight directly onto a centrally located heat absorbing receiver. The name of power tower comes from the fact that the CSP does not focus at the focal point of each heliostat dish but at the top of a very tall vertical tower. The sunlight from many mirrors like dish reflectors spread over a large area accumulate into one central point that achieves an extremely high temperature. The heat produces high-pressure steam for electricity generation. (b) Heliostat power tower: this collector is known as a central receiver that is the center of all concentrating solar collectors. Solar towers use many small sun tracking mirrored solar dish collectors, called "heliostats" which are similar to the ones in the previous parabolic collector tutorials that are used to reflect the sunlight directly onto a centrally located heat absorbing receiver. The name of power tower comes from the fact that the CSP does not focus at the focal point of each heliostat dish but at the top of a very tall vertical tower. The sunlight from many mirrors like dish reflectors spread over a large area accumulate into one central point that achieves an extremely high temperature. The heat produces high-pressure steam for electricity generation.
A power tower has a circular array of large two-axis tracking reflective dishes or flat multiple mirror heliostats on the ground that accurately follow the sun's path across the sky. These reflective dishes capture and concentrate the sunlight onto a central receiver mounted at the top of the high "solar power tower" as depicted in Figure 2 . These "heliostats" are basically large mirrors equipped with computer-controlled sun tracking mechanisms that keep them aligned so that reflected rays of the sun are always aimed at the blackened heat absorbing receiver as a focal point.
(c) Linear Fresnel reflector: this is a specific type of "linear Fresnel reflector" technology. The technology uses long, thin segments of mirrors to focus sunlight onto a fixed absorber located at a common focal point of the reflectors. They are named for their similarity to a "Fresnel lens", in which many small, thin lens fragments are combined to simulate a much thicker simple lens. These mirrors are capable of concentrating the solar energy to many times its normal intensity. This concentrated energy is transferred through the absorber into some thermal fluid. The fluid then goes through the heat exchanger to power a steam generator as depicted in Figure 3 .
collectors, called "heliostats" which are similar to the ones in the previous parabolic collector tutorials that are used to reflect the sunlight directly onto a centrally located heat absorbing receiver. The name of power tower comes from the fact that the CSP does not focus at the focal point of each heliostat dish but at the top of a very tall vertical tower. The sunlight from many mirrors like dish reflectors spread over a large area accumulate into one central point that achieves an extremely high temperature. The heat produces high-pressure steam for electricity generation. A power tower has a circular array of large two-axis tracking reflective dishes or flat multiple mirror heliostats on the ground that accurately follow the sun's path across the sky. These reflective dishes capture and concentrate the sunlight onto a central receiver mounted at the top of the high "solar power tower" as depicted in Figure 2 . These "heliostats" are basically large mirrors equipped with computer-controlled sun tracking mechanisms that keep them aligned so that reflected rays of the sun are always aimed at the blackened heat absorbing receiver as a focal point. (c) Linear Fresnel reflector: this is a specific type of "linear Fresnel reflector" technology. The technology uses long, thin segments of mirrors to focus sunlight onto a fixed absorber located at a common focal point of the reflectors. They are named for their similarity to a "Fresnel lens", in which many small, thin lens fragments are combined to simulate a much thicker simple lens. These mirrors are capable of concentrating the solar energy to many times its normal intensity. This concentrated energy is transferred through the absorber into some thermal fluid. The fluid then goes through the heat exchanger to power a steam generator as depicted in Figure 3 . Table 2 compares CSP technologies depicted in Figures 1 to 3 by the following four criteria: First, construction cost is an important measure when comparing the different power station types in this study. The report of American Institute of Physics (AIP) indicates that heliostat power towers are slightly less expensive to construct than similar capacity parabolic trough power stations [28] . This is based upon a comparison among similar sized power stations, where estimated cost of construction of the parabolic trough site was US$675 million, and the power tower was US$598 million. Since the linear Fresnel reflectors are in their beginning stages of development, no major studies have been completed on comparing construction costs to the other forms of CSP. However, the idea of the Fresnel reflector design is a modification of the parabolic trough design, aimed at lowering costs by changing the shape of the mirrors. Thus, it can be concluded that the construction cost of Fresnel reflectors should be lower than that of Figures 1-3 by the following four criteria: First, construction cost is an important measure when comparing the different power station types in this study. The report of American Institute of Physics (AIP) indicates that heliostat power towers are slightly less expensive to construct than similar capacity parabolic trough power stations [28] . This is based upon a comparison among similar sized power stations, where estimated cost of construction of the parabolic trough site was US$675 million, and the power tower was US$598 million. Since the linear Fresnel reflectors are in their beginning stages of development, no major studies have been completed on comparing construction costs to the other forms of CSP. However, the idea of the Fresnel reflector design is a modification of the parabolic trough design, aimed at lowering costs by changing the shape of the mirrors. Thus, it can be concluded that the construction cost of Fresnel reflectors should be lower than that of parabolic troughs. Second, efficiency of electricity generation is also an important characteristic of these technologies. This can be affected by the temperatures achieved by the technologies, as well as the transportation methods for the heat collected. Power towers achieve the highest temperatures, with parabolic troughs and Fresnel reflectors reaching similar temperatures [29, 30] . The use of less piping to transfer the heat in the power tower system also lowers heat loss throughout the system, boosting efficiency.
Third, location is another important factor when comparing CSP technologies. It is clear that all three need locations with ample sun. However, power towers again have an advantage, as they do not require extremely flat surfaces for installation (with the exception of their central power tower). In the power tower's solar field, each mirror operates individually, allowing for installation on uneven ground. This unevenness can be corrected by the software used to track the sun throughout the day. Conversely, parabolic trough and Fresnel reflectors require large mirrors that are connected to one another. This requires large, flat spaces for installation. Overall, power towers are a bit more flexible when considering building locations.
Finally, reliability of the parabolic trough outperforms the other two CSP. The reliability depends upon future technology development of CSP, so that it is not clearly decisive in this stage as in Table 2 . Based on these comparison parameters, it can be concluded that as technology continues to develop, heliostat power towers are likely to become the dominant CSP method. This change is likely to occur due to the power tower's lower cost, flexibility of location, and overall efficiency. However, as stated previously, the majority of current CSP stations are of the parabolic trough model. Conclusions on the Fresnel method are difficult to draw, because the method is still in developmental stages.
Congestion
This study visually discusses a possible existence of "congestion" in a transmission grid network for connecting solar thermal power stations and end users. For this purpose, Figure 4 is important in understanding what type of problem occurs in a grid network. with parabolic troughs and Fresnel reflectors reaching similar temperatures [29, 30] . The use of less piping to transfer the heat in the power tower system also lowers heat loss throughout the system, boosting efficiency. Third, location is another important factor when comparing CSP technologies. It is clear that all three need locations with ample sun. However, power towers again have an advantage, as they do not require extremely flat surfaces for installation (with the exception of their central power tower). In the power tower's solar field, each mirror operates individually, allowing for installation on uneven ground. This unevenness can be corrected by the software used to track the sun throughout the day. Conversely, parabolic trough and Fresnel reflectors require large mirrors that are connected to one another. This requires large, flat spaces for installation. Overall, power towers are a bit more flexible when considering building locations.
This study visually discusses a possible existence of "congestion" in a transmission grid network for connecting solar thermal power stations and end users. For this purpose, Figure 4 is important in understanding what type of problem occurs in a grid network. In Figure 4 , we consider a power exchange market that is separated into two zones based on a geographic location of nodes and a transmission grid network. The figure depicts such a market In Figure 4 , we consider a power exchange market that is separated into two zones based on a geographic location of nodes and a transmission grid network. The figure depicts such a market that consists of two zones (i.e., A and B). Each zone contains several different types of generators and loads. There are two types of transmission connections in the power market: intra-zonal link and inter-zonal link. Intra-zonal links are connections that exist among generators and wholesalers within a zone. Inter-zonal links are connections between the two zones. A common market price exists if the two zones are linked together with each other. However, if they are functionally separated by a capacity limit on an interconnection line, so indicating the occurrence of congestion, then the two zones have different local market prices. Figure 4 assumes that the congestion occurs in the inter-zonal link (a-b). This study excludes the congestion on an intra-zonal link because it can be handled by obtaining electricity from a generator(s) in a same zone. A capacity limit on the link usually increases the market price, because of limiting the transmission ability of each zone to obtain electricity from an inexpensive generator(s) in another zone(s). The expensive electricity generated by renewable energy is often excluded from the power exchange market if the congestion is observed [2] .
Since the electricity generated by solar thermal power stations is expensive, there is a likelihood in which the power market excludes their electricity supplies. They need financial support on the use of solar thermal energy in the manner in which it can be competitive in the power market. The political rationale on the financial support is that we need to reduce the amount of GHG emissions. The market controllers (e.g., ISO: independent system organizer) also need to allocate the first priority to solar thermal power generation in their dispatch scheduling plans.
Methodology

Overview
This study uses DEA as an assessment tool to evaluate the performance of three types of solar thermal power plants in three different country groups. Before describing the analytical capability, this study needs to mention four methodological benefits when it is applied to energy and the environment. Our description has three components. We first explain rationales concerning why this research uses DEA for performance assessment. Then, we discuss how to reorganize its structure for energy and environmental assessment. Finally, we need to discuss how to restructure the DEA environmental assessment for performance assessment of solar thermal power plants.
(a) DEA: this has four unique analytical capabilities utilized in this study. First, it can be considered as a "non-parametric" approach because it measures weights among inputs and outputs, not parameter estimates. Second, DEA does not need to assume any functional form which expresses the analytical relationship between these factors. The method can avoid a "specification error" in determining such a relationship. The analytical capability indicates that DEA outperforms statistical approaches such as regression analysis and econometrics. It is widely known that we need to specify a functional form for statistical analysis, but none knows what the best functional form is. Third, DEA can handle multiple inputs and multiple outputs in performance assessment without computational difficulty. DEA can be solved by linear programming so that it has a high level of computational tractability. Finally, a drawback of DEA is that it does not have statistical inferences at the level of regression analysis and econometrics. It is necessary for us to develop statistical tests to examine null hypotheses.
(b) DEA environmental assessment: the above general description on DEA assumes that it utilizes inputs and outputs as production factors. The assumption shows limited applicability in assessing DEA environmental assessment. That is, the assessment needs to separate outputs into desirable and undesirable categories. A computational difficulty occurs because we need to maximize the former outputs, while minimizing the latter outputs. As a result, the approach was formulated by non-linear or integer programming. The unification between the two different types of outputs also becomes a major computational problem. To solve the difficulties, research efforts, including [2] , introduced natural and managerial disposability concepts for DEA environmental assessment. The disposability means the elimination of inefficiency. The "natural disposability" has the first priority of economic prosperity. The second one exists on pollution prevention. The "managerial disposability" has an opposite priority to the natural disposability. The first priority exists in pollution prevention and the second one is economic prosperity. A series of studies, summarized in Reference [2] , have extended the previous works in the manner that we can discuss the sustainability within economic prosperity and pollution prevention.
(c) Renewable energies: to combat global climate change, renewable energies are important because they do not produce CO 2 and other GHG emissions. Solar thermal power generation is the one for such promising renewable energy source. When we apply DEA to the performance assessment of CSP stations, this research needs to drop the existence of undesirable outputs from our environmental assessment. As a consequence, the structure of DEA environmental assessment needs to return to the original formulations. An exception is that the reorganized formulations need to incorporate a possible occurrence of congestion (e.g., a line limit on transmission as discussed in Section 2.4) because it influences the performance of CSP stations. The electricity generated by CSP is not conveyed to consumers under the occurrence of congestion. The occurrence is problematic in terms of utilizing renewable energies. The difficulty has been not yet clearly discussed in research on renewable energies.
Input-Oriented Models
In this study, the proposed use of DEA is separated into the two types of models. One of them is an input-based model and the other is an output-based model. This study applies them to both the CSP stations for our empirical investigation.
Many previous studies (e.g., [2] ) have discussed a possible occurrence of congestion by comparing between the two input-based models. This study reorganizes their previous works to prepare new input-based assessment. One of the two models is reorganized as follows: 
In Model (1), θ is an input-oriented efficiency measure determined by Model (1), ε n is a very small number (e.g., 0.0001) and d-related variables are slacks related to inputs (x ij ) and outputs (g rj ) of all decision-making units (DMUs: j = 1, .., n). The variable (λ) is an unknown column vector of intensity (or structural) variables for connecting x ij and g rj on all DMUs. The k indicates a specific DMU to be examined by DEA.
The other input-based model is as follows: 
The scalar (α) is an input-oriented efficiency measure determined by Model (2) . A difference between (1) and (2) can be found in the equality assignment on inputs, i.e., − n j=1 x ij λ j + αx ik = 0. The equality constraint is used to identify a possible occurrence of input-based congestion. In constructing Models (1) and (2), the left hand side (i.e., n j=1 x ij λ j and n j=1 g rj λ j ) indicates an efficiency frontier for a composite (i.e., hypothetically ideal) performance obtained from efficient DMUs, while the right hand side (i.e., αx ik and g rk ) denotes the observed values of the k-th DMU. The two models compute the efficiency scores by comparing between the efficiency frontier and the observed achievement. The additional condition ( n j=1 λ j = 1) indicates that the efficiency frontier is shaped by a convex combination of observations on DMUs. As a result of the assumption of convexity, we can avoid the specification of a functional form between inputs and outputs.
It is important to note that this study newly incorporates 0 ≤ θ ≤ 1 in Model (1) and 0 ≤ α ≤ 1 in Model (2) to maintain a percentage expression on the two efficiency scores. As a result, they locate between 0 (full inefficiency) and 1 (full efficiency). Such an analytical treatment on the two efficiency measures is different from the previous DEA formulations summarized in [2] .
On optimality (*), Model (1) compute the degree of input-based operational efficiency (OE) of the k-th DMU by
Meanwhile, Model (2) determines the measure by
Models (1) and (2) provide two measures on operational efficiency: OE(v) and OE(vc). The v stands for variable returns to scale (RTS) because n j=1 λ j = 1 is incorporated into Models (1) and (2), but OE(v) does not determine a possible occurrence of congestion. The c of OE(vc) can include such a possible occurrence into the proposed assessment. The importance of OE(v) and OE(vc) is that they can measure the occurrence of congestion by comparing between the two OE measures.
Input-Based Congestion Identification
Let the optimal objective value of Model (1) be θ * and that of Model (2) be α * . Then, the input-based congestion (IC) is measured by the following ratio:
If IC(θ * , α * ) < 1, then the congestion occurs on the k-th DMU. Meanwhile, if IC(θ * , α * ) = 1, then the congestion does not occur on the k-th DMU. The optimal objective value of Model (1) is more freely determined than that of Model (2) in terms of minimization. Therefore, IC(θ * , α * ) < 1 indicates an occurrence of congestion while IC(θ * , α * ) = 1 implies no occurrence of congestion.
Output-Oriented Models
Shifting our description to output-oriented measurement, this study reorganizes Models (1) and (2) by the following two output-oriented models (6) and (8) The model uses τ to express the level of an output-oriented OE of the k-th DMU. On optimality, Model (6) computes it by
The OE(v) stands for the degree of OE under variable RTS. The occurrence of congestion on the k-th DMU is examined by the following model: 
Model (8) drops slacks related to inputs from Model (6). The description of Models (1) and (2) can be applicable to Models (6) and (8) .
Let the optimal objective value of Model (8) be β * . Then, the OE measure becomes
Here, the c stands for a possible occurrence of congestion in the output-based OE.
Output-Based Congestion Identification
The output-based congestion (OC) is measured by the following ratio:
The classification rule is specified as follows: If OC (τ * , β * ) > 1, then the congestion occurs on the k-th DMU. The sign is an opposite of IC. Meanwhile, if OC (τ * , β * ) = 1, then there is no congestion on the DMU. The objective value of Model (6) is more freely determined than that of Model (8) in the maximization. Thus, OC (τ * , β * ) > 1 indicates an occurrence of congestion. Meanwhile, OC (τ * , β * ) = 1 indicates no occurrence of congestion.
A methodological benefit of the proposed approach is that it is possible for us to measure an occurrence of congestion even if the proposed models suffer from an occurrence of multiple solutions. Meanwhile, a drawback of the approach is that it is impossible for us to identify how and why the congestion occurs in part or whole of a production facility. The Reference [2] mathematically discussed the occurrence of congestion under multiple solutions in DEA.
Assessment of Solar Thermal Power Stations
This study use two outputs and three inputs to measure the performance of solar thermal power stations in industrial nations. The inputs include (a-1) average annual sunshine hours (hours), (a-2) a land area (acres) and (a-3) a solar filed aperture area (m 2 ). The outputs include (b-1) a gross generation (MW: Megawatt) and (b-2) an average annual power generation capacity (MWh: Megawatt hours). In this study, each DMU represents a power station that utilizes such production factors.
The average annual sunshine is the average amount of sunshine that a given location may receive on an annual basis, measured in hours between sunrise and sunset. For energy generation, thermal energy from the Sun is the primary energy source. Thus, the amount of sunshine at a site has a significant effect on a power station's ability to generate electricity. Weather conditions and location affect the amount of available sunlight at a given site. The data was calculated based off of monthly averages in the area of each site. Monthly averages come from the World Weather Online Database [31] .
The solar field aperture area is the total area of mirrors deployed at a power station. This measurement is important, as the larger the collection area for the mirrors, the more sunlight can be captured for electricity generation. This measurement was taken in square meters. All but one data point for solar field aperture area data is from the National Renewable Energy Laboratory (NREL) Database [32] . The data for the Mojave Solar Project was available from the website of the company (Abengoa) [33] .
The land area is the physical area that a power station occupies. The reasoning for using this as an input is similar to that of the solar field aperture area. Solar thermal power stations generally take up a large amount of physical space. The more effectively a power station can use their allotted land area to generate power, the more effective the station becomes. The unit, used to measure the area, is the acre. The data for land area was retrieved from several sources. The majority of the sites land areas were listed on the NREL database [32] . However, the Solar Energy Generating Systems (SEGS) sites' data were all taken from the Global Energy Observatory website [34] . The data for the KaXu site was taken from the KaXu Solar One license application [35] . The Khi Solar One data was taken from the Abengoa website [33] .
The gross generation capacity is the full-load, sustainable output of a power station. Power stations are often rated by this capacity (for example, the Mojave Solar Project stations is a 280 MW power station). This is a primary measure for any power station, as it indicates how much potential power a station can output. Many power stations do not operate at this capacity for various reasons, including consumer demand, sunshine availability, and equipment inefficiency. Installed capacity is often measured in MW. All gross generation capacity data comes from the NREL database [32] .
The average annual power generation measures a power station's generated power in MWh. This is the product that electric companies provide to the consumer. This output is the end goal of any commercial power station, as it dictates how much profit a power station can generate in a year. Since solar thermal electricity generation is in its early stages, most of the studied sites are relatively new. As such, most of the power generation data is estimated power generation. For sites with available annual average generation, the data was used. All data for the average annual power generation, with the acceptation of the SEGS sites, was obtained from the NREL database [32] . Data for the SEGS sites was obtained from the US Energy Information Administration website [36] . Table 3 exhibits all the data set. Table 4 summarizes descriptive statistics that contains an average, a maximum, a minimum and a standard deviation (SD) on each factor. The observed year was 2018. This study compares 55 solar thermal power stations which are classified (a) 13 sites in United States of America (USA), (b) 32 sites in Spain and (c) 10 sites in the other regions including France, Italia, Mexico, China, Thailand, United Arab Emirates (UAE), India and South Africa.
This study selects solar thermal power stations from European Union (EU), in particular Spain and the United States, in particular "Mojave Desert region" in Southern California. The research motivation concerning why the two regions are mainly selected is because those power stations have high densities of solar thermal power. It is widely known that the Mojave Desert region has the highest density of solar thermal energy in the United States, while Spain leads the way in EU by utilizing parabolic trough technology. Table 5 summarizes the input-based OE measures of those sites, measured by Models (1) and (2), along with their types of IC. The IC classification is determined by Equation (5). For example, the Mojave Solar Project is rated as unity in all the three efficiency measures. As specified in IC, the power site (i.e., the first power plant in Table 5 ) does not suffer from the occurrence of IC. The operational performance is also efficient. Meanwhile, Guzman (12th power plant in Table 5) Table 5 indicates that 23 of 55 solar thermal power sites may suffer from the occurrence of IC. The remaining 32 sites may not suffer the occurrence.
Here, it is important to describe the implication of IC on solar thermal generation. Under the IC occurrence, an output reduction (e.g., generation) does not decrease an input(s) (e.g., average annual sunshine hours, a land area and a solar filed aperture area) in the power sites because the inputs are "uncontrollable". In other words, the IC occurrence indicates that the power stations cannot control the input resources which areinfluenced by Sun, weather and location of their sites. Thus, the IC implies a managerial limit on controllability on input resources. Such uncontrollable inputs may influence their operations, so becoming the sources of their inefficiencies. This feature on inputs is due only to renewable energies, and is not found in fossil fuel energies whose inputs are "controllable". This difference on controllable and uncontrollable inputs provides a distinction between renewable and fossil fuel energies. No previous research has discussed the important distinction. Table 6 summarizes those output-based operational efficiencies measured by Models (6) and (8) and the type of OC. The OC classification is determined by Equation (10) . For example, Mojave Solar Project is rated as unity in all the three efficiency measures. As specified in OC, the power site (the first power plant in Table 6 ) does not suffer from the occurrence of OC. The operational performance is also efficient. Meanwhile, Guzman (12th power plant in Table 6 ) exhibits 0.8882 in output-based OE and 1.0389 in OC. The operational inefficiency may be due to the OC. Table 6 indicates that 20 CSP sites may suffer from a possible occurrence of OC. It is important to note the implication of OC on solar thermal generation. The OC implies that an increase in an input(s) decreases an output(s). This type of inefficiency is different from the concept of IC. The OC indicates that an input enhancement (e.g., average sunny hours) does not increase an output increase (e.g., generation) due to a line limit on transmission, a dispatch scheduling problem and other technical problems between generators by CSP sites and consumers.
After obtaining the input-and output-based OE measures, Table 7 compares average efficiencies of the three types of CSP technologies. In the second column of the table, the parabolic trough exhibits 0.952, the heliostat power tower exhibits 0.939 and the linear Fresnel reflector exhibits 0.898 in their input-based OE(v) estimates on average. They do not maintain the ranking order if we consider an occurrence of IC as listed in the last column of Table 7 . Table 9 compares average output-based OE of the three CSP technologies. In the second column of the table, the parabolic trough exhibits 0.904, the heliostat power tower exhibits 0.863 and the linear Fresnel reflector exhibits 0.715 in their output-based OE(v) estimates on average. They do not maintain the ranking order if we consider an occurrence of OC as listed in the last column of Table 9 . Table 10 compares output-based efficiencies of solar thermal power stations in the three country groups. In the second column of the table, the power sites in the United States exhibit 0.974, those of Spain exhibit 0.859 and those of the other nations exhibit 0.889 in their output-based OE(v) estimates on average. They maintain the same ranking order even if we consider the OC as listed in the last column of Table 10 . This result is different from Table 9 . Hereafter, we conduct statistical tests on input-based and output-based efficiencies. The null hypotheses to be examined are summarized by the following four cases:
First Ho: there is no difference among input-based OE measures of the three types of solar thermal power stations.
Second Ho: there is no difference among input-based OE measures of the three country groups. Third Ho: there is no difference among output-based OE measures of the three types of solar thermal power stations.
Fourth Ho: there is no difference among output-based OE measures of the three country groups. Table 11 lists the p-value of the Kruskal-Wallis rank sum test to examine the first and second null hypotheses. The test indicates that we reject the second hypothesis on the country differences, but being unable to reject the first hypoesthesia on the three CSP technologies. The research [37] discussed how to use DEA results for the Kruskal-Wallis rank sum test. Table 12 lists the p-value of the rank sum test to examine the third and fourth null hypotheses. The test indicates that we reject the fourth hypothesis on the country differences, but are unable to reject the third hypoesthesia on the three different solar thermal technologies. The results are similar to the ones of Table 11 . The statistical tests imply that we cannot find an efficiency difference among the three solar thermal technologies. Thus, there is no major technical difference among the efficiency measures regarding CSP stations. However, there is a difference among the three country groups. Thus, the location of CSP sites is more important than their technologies at the current moment.
Conclusion and Future Extensions
To combat increasing energy consumption in the world, many researchers and individuals who are involved in the electric power industry have been interested in solar thermal energies. Without GHG emission, the CSP may play an important role for future energy planning. This study selected CSP sites from three regions (i.e., the United States, Spain, the other nations) throughout the world and examined which region most efficiently produced solar thermal power.
This research utilized DEA to measure the performance of solar thermal power stations. There were many research efforts that documented how to utilized DEA assessment on renewable energies (e.g., [2] [3] [4] [5] ). These previous studies focused upon the performance of PV sites, not CSP. This research was the first effort to discuss the DEA assessment on the CSP sites.
Our empirical results showed that the sites in United States were the most efficient among the three regional groups. This study also indicated that parabolic trough technology slightly outperformed the other two technologies (i.e., heliostat power tower and linear Fresnel reflector) but not at the level of statistical significance. Besides the efficiency assessment, this study incorporated a way of finding a possible existence of IC and that of OC. The existence of IC implied that uncontrollable inputs might increase the level of inefficiency. Meanwhile, the OC implied the existence of a capacity limit (e.g, difficulties on transmission, voltage and frequency control, and dispatch scheduling) and other technical problems between generation and end users.
It is indeed true that renewable sources, such as CSP, are important as our future energy. However, a grid network is also essential in conveying electricity generated renewable energy to end users. A holistic assessment on electricity supply systems from generators to consumers is essential for evaluating and planning renewable energy sources such as CSP stations. This research has first documented the holistic measurement, including IC and OC, whose occurrence is identified by DEA. In this perspective, this study is an extension of the previous efforts such as References [2] [3] [4] [5] .
We acknowledge that this research has three drawbacks, all of which need to be explored in near future. One of them is that we need to restructure an analytical structure of DEA which can incorporate a time shift to examine a frontier shift among different periods. There are several approaches to measure the frontier shift. For example, a well-known approach is "Malmquist index approach" that measures the frontier shift among multiple periods. The other approach is "window analysis approach" that measures a shift of efficiency scores among multiple periods. The book [2] provides a detailed description on them. This study has used the performance of solar power sites in 2018 because the annual period expresses the most recent technology. We need to extend it to a long term horizon by using the two approaches. Second, it is necessary for us to apply the proposed DEA approach to other nations that were not examined in this article. Finally, this study needs to develop a new assessment to examine a technological progress in renewable energy [2] [3] [4] [5] .
In conclusion, it is hoped that this research makes a contribution to DEA applied to renewable energies.
